Epithelial polarization modulates gene expression. The transcription factor zonula occludens 1 (ZO-1)-associated nucleic acid binding protein (ZONAB) can shuttle between tight junctions and nuclei, promoting cell proliferation and expression of cyclin D1 and proliferating cell nuclear antigen (PCNA), but whether it also represses epithelial differentiation is unknown. Here, during mouse kidney ontogeny and polarization of proximal tubular cells (OK cells), ZONAB and PCNA levels decreased in parallel and inversely correlated with increasing apical differentiation, reflected by expression of megalin/cubilin, maturation of the brush border, and extension of the primary cilium. Conversely, ZONAB reexpression and loss of apical differentiation markers provided a signature for renal clear cell carcinoma. In confluent OK cells, ZONAB overexpression increased proliferation and PCNA while repressing megalin/cubilin expression and impairing differentiation of the brush border and primary cilium. Reporter and chromatin immunoprecipitation assays demonstrated that megalin and cubilin are ZONAB target genes. Sparsely plated OK cells formed small islands composed of distinct populations: Cells on the periphery, which lacked external tight junctions, strongly expressed nuclear ZONAB, proliferated, and failed to differentiate; central cells, surrounded by continuous junctions, lost nuclear ZONAB, stopped proliferating, and engaged in apical differentiation. Taken together, these data suggest that ZONAB is an important component of the mechanisms that sense epithelial density and participates in the complex transcriptional networks that regulate the switch between proliferation and differentiation.
During ontogeny, epithelial cells undergo a regulated transition from proliferation to differentiation. This switch is recapitulated during polarization of epithelial monolayers in vitro and tissue repair and is reversed during carcinogenesis. Kidney proximal tubular cells (PTCs) are an exemplary model to study this switch and its perturbations. Apical PTC differentiation features include the primary cilium, the brush border, and the tandem endocytic receptors megalin/cubilin. 1 Genetic defects of the primary cilium lead to various familial cystic kidney lesions, including polycystic disease, the most prevalent autosomal dominant disease in human. 2 Impaired apical endocytic trafficking is associated with X-linked nephrolithiasis. 3, 4 Malignant transformation of PTCs leads to renal clear cell car-cinomas, one of the 10 most frequent cancers and its most aggressive form in kidneys.
During cortical expansion, proliferation is synchronous among individual nephrons but asynchronous between adjacent nephrons, arguing against paracrine control and pointing to communication within epithelial monolayers, likely via junctional complexes. 5 Epithelial polarization involves three steps: Primordial homotypic E-cadherin interactions generate adherens junctions, which induce formation of tight junctions, a prerequisite to differentiation of the apical domain. 6, 7 Both junctions and the apical domain affect gene expression. First, ␤-catenin can be recruited on adherens junctions, degraded by the proteasome, or triggered by Wnt signaling to shuttle into nuclei and promote gene expression and proliferation via the T cell-specific transcription factor/lymphoid enhancer binding factor. 8 Deregulated Wnt/␤-catenin signaling leads to carcinogenesis. 8 Second, zonula occludens 1 (ZO-1)-associated nucleic acid binding protein (ZONAB) can be sequestered at tight junctions upon binding to the SH3 domain of ZO-1 or shuttle into nuclei to promote cell proliferation genes directly. 9, 10 Third, at the apical pole, the primary cilium sequesters the mother centriole as basal body, thereby preventing mitotic spindle formation, and acts as a sensory organelle repressing proliferation. It thus provides a negative feedback whereby apical differentiation inhibits proliferation. 11 Conversely, defective extension or signaling in ciliopathies is associated with unchecked epithelial expansion. 2, 12, 13 Fourth, megalin was recently reported to undergo intramembrane proteolysis, releasing a transcriptionnally active C-terminal domain. 14 We speculated that transcription factors expressed by growing epithelia could simultaneously promote proliferation and repress polarization/differentiation programs, then become silenced upon maturation of junctional complexes as part of the machinery sensing epithelial density. Accordingly, these transcription factors would be turned on during early embryogenesis, tissue repair, and cancer and turned off for terminal differentiation. We focused on ZONAB, a transcription factor also known as YB-3, MSY4 (in mice), and DNA binding protein A or Cold shock domain protein A in human, with two isoforms of undistinguishable functional properties generated by alternative splicing. 10, [15] [16] [17] [18] [19] [20] ZONAB is directly controlled by Myc 21 and E2F, two key gatekeepers of the cell division cycle, 22 and, in turn, promotes expression of cyclin D1 and proliferating cell nuclear antigen (PCNA) and, thus, cell proliferation. 18 ZONAB is overexpressed in hepatocarcinomas and favors their (E) Representative Western blots of total lysates from three different pools of kidney embryos collected at E14.5 and E18.5 or pairs at P21 and P23. Note that the kinetics of ZONAB disappearance during kidney ontogeny correlates with the loss of the late proliferation marker, PCNA, and the appearance of epithelial (E-cadherin) and specific apical differentiation markers (megalin, cubilin, and villin).
progression. [22] [23] [24] No relation between ZONAB and kidney cancer has been reported so far. Whether ZONAB can regulate the expression of essential apical differentiation genes, such as those controlling the primary cilium, is also unknown.
Here we investigated the expression and effects of ZONAB in three complementary PTC systems: (1) Mouse kidney ontogeny; (2) human renal clear cell carcinomas; and (3) opossum kidney (OK) cells, a highly differentiating PTC line. We found that ZONAB was abundantly expressed in proliferative states and inversely correlated with apical differentiation. ZONAB mRNA was downregulated during OK cell polarization. Its opposite causal role on proliferation and apical differentiation markers was confirmed by overexpression and reporter assays. Multiplex immunolabeling of small colonies revealed predictable opposite choices at the level of single adjacent cells. Taken together, our data suggest that ZONAB is an important component of the sensory mechanisms of epithelial density and complex transcriptional networks regulating the switch between proliferation and differentiation.
RESULTS

Inverse Relation between ZONAB Expression and Epithelial Differentiation during Kidney Ontogeny
The relationship between ZONAB and epithelial proliferation versus differentiation was first analyzed during mice kidney ontogeny. In situ hybridization at embryonic day 14.5 disclosed strong ZONAB expression in the kidney cortex (comma-and Sshape bodies), surpassed only by the liver, another major epithelial organ (Figure 1 , A through C). ZONAB-expressing kidney structures were highly proliferative (PCNA labeling) and poorly differentiated (megalin absence; Supplemental Figure S1 , a and d). Thereafter, ZONAB expression declined as the nonproliferating, megalin-expressing population steadily increased (Supplemental Figure S1 , b, c, e, and f). The parallel decline of ZONAB and PCNA mRNAs was inversely mirrored by increasing expression of megalin/cubilin ( Figure 1D ). Western blotting confirmed the inverse relation between decreasing abundance of the two ZONAB isoforms and PCNA versus increasing abundance of Ecadherin and ␤-catenin (epithelial markers), as well as megalin, cubilin, and villin (apical differentiation markers; Figure 1E ). Altogether, the study of kidney ontogeny evidenced an inverse relation between declining ZONAB level and increasing apical epithelial differentiation.
Reversed Relation between ZONAB Expression and Epithelial Differentiation in Kidney Carcinomas
We next analyzed ZONAB expression in human renal clear cell carcinomas (RCCs), in which differentiated PTCs resume proliferation and lose several normal characteristics, such as single-layered tubule and lumen formation. In silico meta-analysis of available expression profiles indicated (1) systematic correlation between ZONAB and proliferation markers (cyclin D1, Ki-67) and (2) an inverse relationship with differentiation markers (megalin, cubilin, and villin; Supplemental Figure  S2 ). 25 We fully confirmed these results by quantitative reverse transcriptase-PCR (RT-PCR) comparison of six new cases of RCC and control samples (Figure 2 ). Because it is not found in other kidney cancer types, this pattern could serve as RCC signature (data not shown). These investigations thus indicated that ZONAB reexpression is part of the genetic program associated with a reverse switch of epithelial cells from differentiation to proliferation.
ZONAB Is Downregulated during PTC Polarization/ Differentiation In Vitro
To test a causal relationship between ZONAB disappearance and epithelial polarization, we first characterized apical differentiation in the paradigmatic OK cell line. When plated at high density to reach immediate confluence, OK cells rapidly established monolayers with irregular nuclei positioning, immature cell junctions (Supplemental Figure S3b , day 1), and poorly structured cytoskeleton ( Figure 3A , top). When monolayers reached maximal transepithelial resistance (day 4; Supplemental Figure S3a ), nuclei were aligned; tight junctions formed a polygonal pattern (Supplemental Figure S3b) ; actin cytoskeleton was reorganized into lateral arrays, bottom stress fibers, and apical microvilli clusters; and a primary cilium was devel- Figure 2 . ZONAB/Cold shock domain protein A is reexpressed in human kidney cancer. Relative mRNA levels were measured in six pairs of RCCs and corresponding normal tissue from the same kidney (n ϭ 3) or matched normal kidney (n ϭ 3) using qRT-PCR by reference to ␤-actin, then normalized to the corresponding ratio in nontumoral kidney, set as 100% (dotted line). Results are presented as plots showing 25th and 75th percentiles, medians (horizontal lines), and minimal and maximal values (vertical bars). All values in cancer samples are statistically different from controls by the nonpaired Wilcoxon ranking test, except for cubilin. Note that Cold shock domain protein A overexpression in carcinomas is associated with increased expression of the early proliferation regulator cyclin D1 and decreased expression of the apical differentiation markers megalin, villin, and presumably cubilin. For a meta-analysis of published microarray data, see Supplemental Figure S2 .
oping (Figure 3A , bottom; Supplemental Figure S4 ). By Western blotting, polarization of confluent OK cells led to an approximately two-fold decreased abundance of the two ZONAB isoforms from day 1 to day 4, contrasting with a strong increase of megalin, cubilin, and villin ( Figure 3B ). Undistinguishable acetylated tubulin combined with decreased ␣-tubulin levels suggested a relative increase in tubulin acetylation. This was supported by elongation of the primary cilium ( Figure 3A , x-z optical sections). Increasing abundance of megalin/cubilin suggested that receptor-mediated endocytosis could serve as a quantitative functional assay for apical differentiation. Increasing efficiency of apical receptor-mediated endocytosis, suggested by confocal microscopy ( Figure 3C ), was confirmed by accelerated clearance of radioiodinated ligands, in particular cathepsin B ( Figure 3D ). 26 Altogether, the study of polarization in confluent OK cells revealed a strong decrease in ZONAB expression, concomitant with upregulation of apical endocytic receptors together with brush border and primary cilium maturation, reflecting global apical differentiation.
Assay of Proliferation/Differentiation at the Single-Cell Level
To analyze further on a cell basis the inverse relationship between ZONAB and apical differentiation markers disclosed by population-based assays, we plated OK cells at very low density. We had noticed that sparsely plated OK cells migrate until they aggregate to form small, independent colonies. These colonies, referred to hereafter as "islands," further differentiate in their center and expand by peripheral cell division. BASIC RESEARCH www.jasn.org ure 4, C and D). In contrast, adjacent central cells extensively clustered microvilli tips to form asters (resembling edelweiss), presumably a first step of brush border maturation (see next section). To test whether ZONAB correlated with cell proliferation in islands, we visualized DNA synthesis by 5-ethynyl-2Ј-deoxyuridine (EdU) incorporation and compared it with ZO-1 and ZONAB. As shown by Figure 4F , only peripheral cells with strong nuclear ZONAB labeling detectably incorporated EdU. A similar pattern was observed when OK cell islands were studied on a porous membrane, indicating that the opposite behavior of proliferating peripheral cells and differentiating central cells could not be trivially explained by impaired access of growth factors to basolateral domains, as a result of impermeable junctions (data not shown). Thus, morphologic analysis of individual adjacent cells in islands at day 4 nicely complemented the population-based comparison between confluent monolayers at day 1 and day 4 by providing a cell-specific assay confirming the tight correlation between ZONAB and proliferation (parallel) or apical differentiation (opposite).
ZONAB Overexpression Promotes Proliferation and Represses Differentiation
To test for a causal role of ZONAB in the repression of differentiation, we stably transfected OK cells with an expression vector for canine ZONAB-B (cZONAB). Three clones (cZ1, cZ2, and cZ3) were compared with wild-type OK cells and a mock-transfected clone. In agreement with a previous report on MCF10A cells, 18 stable cZONAB transfection of OK cells promoted proliferation in confluent monolayers at day 4, as evidenced in flow cytometry ( Figure 5A ), consistent with increased PCNA abundance ( Figure 5B ). In contrast, stable cZONAB transfection strongly decreased megalin/cubilin expression at mRNA and protein levels ( Figure 5 , B and C), as reflected by impaired endocytic uptake of cognate ligands ( Figure 5D ). In addition, ZONAB overexpression led to decreased villin content and ␣-tubulin acetylation ( Figure 5B), reflected by impaired clustering of microvilli and shorter primary cilia ( Figure 5 , E and F). By scanning electron microscopy after 8 days, wild-type and mock-transfected cells had further tilted clustered microvilli more perpendicular to the apical membrane, reminiscent of the maturation of brush border foci in vivo, and generally extended full-length sensory cilia with typical terminal bulbs. In contrast, fewer and looser aggregates of microvilli, as well as rarer, shorter, and sometimes twin sensory cilia, were found in cZONAB transfectants (data not shown). Thus, ZONAB overexpression prevented the natural progression of epithelial cells toward a polarized and differentiated phenotype (compare Figures 3 and 5 ).
ZONAB Is a Direct Repressor of Megalin and Cubilin Genes
To address whether ZONAB could directly repress genes required for apical differentiation, we investigated megalin and cubilin expression. In silico, the sequence of their promoters in the opossum genome indicated the presence of respectively two and three putative ZONAB binding sites ( Figure 6A ). The promoter regions encompassing these sites were cloned upstream of Firefly luciferase, and resulting plasmids were transiently transfected into wild-type OK cells together with a cZONAB expression plasmid to test for repressor function, and/or cZO-1 plasmid as cZONAB decoy. Co-transfection with cZONAB alone induced a dosage-dependent repression of megalin and cubilin promoters ( Figure 6B ). An opposite effect was observed with cZO-1 plasmid alone, and simultaneous co-transfection with ZO-1 apparently neutralized the effect of cZONAB, indicating titration of ZONAB protein ( Figure 6B ). In two stable cZONAB transfectants, luciferase activities driven by megalin or cubilin promoters were lower as compared with a mock clone ( Figure 6C ) and were perfectly mirrored by decreased clearance of cognate ligands. Finally, chromatin immunoprecipitation performed at day 1 confirmed in vivo the association of endogenous ZONAB with megalin and cubilin promoter regions ( Figure 6D ). These data demonstrated that ZONAB could repress two important epithelial differentiation genes.
Downregulation of ZONAB during Epithelial Polarization
We finally addressed the regulation of ZONAB itself, because it was clearly downregulated during polarization of confluent OK cells ( Figure 3B ) and barely detected in the differentiated central islands cells (Figure 4 , B and F). To understand better how polarization caused ZONAB disappearance, we first looked for transcriptional downregulation. Comparison of confluent wild-type OK cells between day 1 and day 4 showed 
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an approximately three-fold decrease of endogenous ZONAB mRNA, whereas megalin and cubilin mRNA levels increased two-and 14-fold, respectively ( Figure 7A) . Surprisingly, despite control by the strong constitutive cytomegalovirus (CMV) promoter, cZONAB mRNA and protein were also downregulated by polarization (Supplemental Figure 6a) . The dominance of polarity over the CMV promoter unraveled the power of (unknown) polarity signals on transcriptional regulation.
Because several transcriptional regulators are downregulated by the ubiquitin-proteasome system, confluent monolayers and OK cell islands were treated by proteasome inhibitors. As shown by Figure 7B and Supplemental Figure S6c , proteasome inhibition in polarized wild-type monolayers increased the abundance of both ZONAB isoforms in a concentrationdependent manner, together with increased PCNA and strongly decreased megalin and cubilin (both insensitive to the proteasome), compatible with enhanced ZONAB transcriptional activity. Interestingly, epoxomicin also strongly increased ZO-1 level. Similar results were obtained with lactacystin. Because proteasome effects are pleiotropic, we questioned whether epoxomicin treatment could, as is the case for polarity, affect ZONAB mRNA. As shown by Supplemental Figure 6b , epoxomicin upregulated endogenous ZONAB mRNA and protein to a comparable extent. From an operational perspective, epoxomicin thus appeared as a convenient tool to manipulate ZONAB expression by overcoming cell polarity effects. Confocal microscopy analysis of wild-type OK cell islands indeed revealed that extension of nuclear ZONAB labeling to central cells by the epoxomicin treatment triggered cells to reenter S phase, as demonstrated by EdU incorporation, and to dedifferentiate, as demonstrated by loss of megalin expression ( Figure 7C ). Taken together, our data demonstrate that apical differentiation of polarizing epithelial cells involves ZONAB downregulation, at least at the mRNA level, and that stabilization of ZONAB in differentiated cells reverses their fate to proliferation.
DISCUSSION
This multifaceted study first evidenced an inverse correlation between spontaneous ZONAB disappearance and three hallmarks of apical differentiation in PTC: (1) Receptor-mediated endocytosis, (2) brush border, and (3) primary cilium. Analysis of small islands suggested that these changes resulted from individual cell choices resulting from polarity sensing, which could be related to the junctional belt. Conversely, stable ZONAB overexpression promoted OK cell proliferation while repressing (1) megalin/ cubilin expression and function, (2) villin and thus brush border maturation, 27, 28 and (3) ␣-tubulin acetylation and thus primary cilium elongation. 29 We conclude that ZONAB is simultaneously and causally associated with stimulation of proliferation and repression of epithelial differentiation in PTCs. A recent report on enterocyte differentiation indicated that ZONAB interaction with symplekin, another tight junction partner, also promotes proliferation and represses differentiation. 30 Our conclusions in PTC terminal differentiation and the control by ZONAB of the permanently renewing intestinal epithelium are convergent. Upon epithelial polarization, ZONAB is downregulated by signals that are dominant over a strong constitutive viral promoter, suggesting that ZONAB could act as a gatekeeper of differentiation, like the core regulators of embryonic stem cells Oct4/Sox2. 31 Little is known on the control of ZONAB gene expression. E2F1, a key transcription factor for entry into the cell division cycle, binds to ZONAB promoter and enhances its expression. 22 In Burkitt's lymphoma, ZONAB is a target for c-Myc, 21 also involved in RCCs. 32 Although no repressor of ZONAB is known, an attractive candidate is p53, which represses proliferation genes (PCNA, cdc2) while inducing cellcycle arrest genes (p21) and renal function genes. 33 Regulation by proteasomal degradation has been reported for multiple transcription factors such as the ZONAB-related, YB-1, and hypoxia-inducible factor but without direct link with epithelial polarization. Interestingly, von Hippel-Lindau factor (VHF), frequently defective in RCCs, is a ubiquitinligase of hypoxia-inducible factor, thereby normally acting as anti-oncogene regulating multiple targets. In view of the impact of VHF on the primary cilium, 34 ZONAB could be another VHF substrate. 35 Among multiple ZONAB downstream effects, this study identified two new target genes, megalin and cubilin; these tandem multiligand endocytic receptors are essential for PTC function 1 and involved in genetic disease. 3, 4, 36 Most interesting, ZONAB represses the primary cilium, both the target and the origin of multifaceted signaling. 37 Which (and how) of the multiple components of the cilium proteome is affected by ZONAB is totally unknown. The possibility that ZONAB transactivates HDAC6, a tubulin deacetylase activated upon cell-cycle reentry to allow primary cilium shrinking, or its activators HEF1 and Aurora A kinase 29 deserves to be examined. Because the primary cilium is an antiproliferative organelle, 38 a reciprocal antagonistic loop whereby mitogenic ZONAB in immature epithelia represses the extension of the primary cilium emerges. Conversely, well-differentiated epithelia would be stabilized by the combined effect of ZONAB loss (transcriptional repression and proteasomal degradation) and the mature cilium (antimitogenic signaling and sequestration of the mother centriole as basal body).
The island model could provide an important clue for focal epithelial repair: Proliferating peripheral cells that expressed ZONAB stayed attached to adjacent differentiated central cells via extensive (yet discontinuous) junctions and thus remained not only epithelial in nature but also partially polarized. This differential choice between neighbors is probably most relevant to the repair of individual cell death in compact parenchymas such as kidneys and liver, 39, 40 which does not involve epithelial-to-mesenchymal transition. We suggest that, in these organs, any of the polarized epithelial cells adjacent to an apoptotic body could react via ZONAB reexpression to replace the expelled apoptotic body by cell division and then redifferentiate. This hypothesis is currently being tested.
In conclusion, this study identified two new ZONAB target genes (megalin and cubilin) and two new regulated subcellular structures (brush border and primary cilium), all relevant for kidney PTC development, function, genetic diseases, and cancer. More general, our data support a new role of ZONAB in the reversible switch between epithelial cell proliferation and differentiation, thereby opening a new avenue for the study of kidney PTC regeneration. Finally, deciphering this role revealed a novel mechanism for ZONAB action. In OK cells, transcriptional BASIC RESEARCH www.jasn.org control by ZONAB could not be explained by shuttle of a stable protein pool between junctional complexes and nuclei but involved a primary control of ZONAB mRNA in relation with polarity, with resulting changes in nuclear ZONAB abundance and opposite transcriptional effects on proliferation and apical differentiation. We therefore suggest a mechanism whereby a soluble transcription factor (ZONAB) that can interact with junctional complexes but also with other unidentified partners elsewhere is an important component of a sensory mechanism regulated by polarity, affecting the proliferation/differentiation switch. The exact role of ZONAB in transcriptional networks controlling longitudinal nephron expansion, apical differentiation, and repair deserves extensive further studies.
CONCISE METHODS
Reagents
Antibodies are described in Supplemental Table 1 . Immunofluorescence was performed as described previously, 41 after conventional fixation with 4% formaldehyde in 0.1 M phosphate buffer (pH 7.4). Epoxomicin (Calbiochem) was dissolved in DMSO to 1 mM (stock solution). Alexa-labeled BSA and human transferrin were from Molecular Probes/Invitrogen. Human liver cathepsin B (Calbiochem), transferrin (Sigma), and albumin (Sigma) were radioiodinated in Pierce® Pre-coated Iodination tubes (Pierce). 4 Information on primers (sequence and application) and antibodies is provided in Supplemental Tables 1 and 2 . Available anti-cubilin antibodies failed to recognize this receptor in OK cells by immunofluorescence.
Developmental Studies
Mice (C57BL/6J and CD1) were raised and treated according to the principles of laboratory animal care of the University Animal Welfare Committee. For immunoblotting and RT-PCR, pools of five to seven embryonic and individual postnatal kidneys were used. Tissues were frozen in liquid nitrogen and stored at Ϫ80°C before protein or RNA extraction. For in situ hybridization, whole embryos or postnatal kidneys were fixed overnight at 4°C in 60% ethanol, 30% formaldehyde, and 10% acetic acid before paraffin embedding.
In Situ Hybridization
A fragment (nt 215 to nt 524 from the ATG) of the MSY4/ZONABcoding region was generated by PCR using reverse-transcribed total RNA derived from mouse kidney as template and cloned into TOPO-TA vector. DIG-labeled antisense RNA probe was produced by in vitro transcription of the MSY4/ZONAB cDNA using the T7 polymerase, and hybridization was performed on 16-m-thick paraffin sections as described previously. 42 
Real-Time RT-PCR
Total RNA was extracted from mouse and human tissues and cultured OK cells using Trizol reagents (IVT), and contaminating DNA was digested with 20 U of DNase I for 30 minutes at room temperature. RNA (0.5 to 1.0 g) was reverse-transcribed with oligo-dT primers or random hexamers using SuperScript II RNase H (Invitrogen). PCR was performed with platinum TaqDNA polymerase (Invitrogen) for 32 cycles, and amplicons were visualized on a 1.5% agarose gel. Real-time quantitative PCR was performed in duplicate by using iQ SYBR Green Supermix (Bio-Rad). Primer sequences are provided in Supplemental Table 1 . The relative changes in target gene/␤-actin mRNA ratio were determined by the formula 2 ⌬⌬ct or by transformation of threshold cycles to absolute mRNA numbers. 43 
Western Blotting
Whole kidneys were homogenized with 10 strokes of a glass/Teflon Potter homogenizer in 250 mM sucrose, 3 mM imidazole, 1 mM PMSF, 10 mM NaF, and 2 mM sodium orthovanadate and cleared at low speed. OK cells were washed twice with PBS; lysed on ice in 25 mM Tris-HCl (pH 8), 50 mM NaCl, and 1% IGEPAL (Sigma) with complete protease inhibitor cocktail (Roche); scraped with a rubber policeman; and sonicated. Protein content in lysates was determined using BCA protein assay. Equal protein amounts (50 g) were solubilized by boiling in Laemmli buffer under reducing conditions, resolved by SDS-PAGE, and blotted onto Hybond P membrane (Amersham). After saturation, the membrane was incubated overnight with first antibodies (see Supplemental Table 2 ), then with peroxidase-conjugated secondary antibodies for 1 hour (Biosource), followed by enhanced chemiluminescence detection (PerkinElmer). Signals were quantified using Scion IMAGE 4.0.2 and normalized to ␤-actin signal.
Kidney Cancer and Control Adult Human Kidney
In silico analysis was based on primary data accessible at Geo Profiles (National Center for Biotechnology Information, GDS505). For RT-PCR, large samples of six RCCs and normal tissue from the same kidney when available (n ϭ 3) or age-matched normal kidney (n ϭ 3) were obtained from the tissue BioBank of the Cancer Centre of the Cliniques Universitaires Saint-Luc (Brussels, Belgium). Values in normal tissue from patients with cancer and age-matched kidneys were identical. Tissues were fixed and embedded in Tissue-Tek or frozen in liquid nitrogen. All material was reviewed by an expert pathologist who was blind of our results. In one additional case, in which our expression pattern had indicated an obvious outlier, the initial diagnosis of RCC was spontaneously revised. In control sections, the estimated proportion of non-neoplastic cells in the tumor samples was Ͻ5%.
Cell Culture Techniques and Transfection
PTCs derived from the opossum kidney were cultured as described previously. 44 ZONAB opossum shows 80% overall sequence identity with human and dog, with an even higher conservation in the cold shock domain. Cells were seeded either at high density (5 ϫ 10 4 cells/ cm 2 ) to obtain confluent monolayers (analyzed after 1 or 4 days) or at low density (1 ϫ 10 3 cells/cm 2 ) to generate two-dimensional small clusters (islands), analyzed after 4 days. Polarized culture of OK cells, measure of transepithelial resistance, immunolabeling, confocal microscopy, and scanning electron microscopy were performed as described previously. 41 For monitoring of receptor-mediated endocytosis, OK cells were incubated with freshly radioiodinated tracers for 1 hour at 37°C in DMEM without protein as described previously, 26 then cell-associated counts were normalized to cell protein and expressed in clearance values as described previously. 41 For identifica-tion of the S phase, OK cells were treated with 10 mM EdU at 37°C for 1 hour, then washed with PBS. Incorporation of EdU was detected using Click-iT EdU Alexa Fluor kit (Invitrogen). For transfection, cells were seeded in six-or 12-well plates (3 ϫ 10 5 or 5 ϫ 10 5 cells/ well) and grown for 24 hours before transfection with Lipofectamine 2000 (Invitrogen) and the expression vectors pCB6-ZONAB-B (for canine ZONAB cloned from MDCK cells) and empty pCB6 18 to establish cZONAB (cZ1-3) and mock transfectants. Stable transfectants were isolated by limited dilution cloning in the presence of geneticin (350 mg/L; Invitrogen).
Flow Cytometry
Confluent OK cells were synchronized, briefly trypsinized; fixed by 2% formaldehyde; washed twice in 3 ml of PBS with 3 mM EDTA; permeabilized with 0.1% Triton X-100; and stained in a solution containing 4 g/ml propidium iodide, 3 mM EDTA, and 0.5 mg/ml RNaseA for 30 minutes at room temperature. Samples were studied by FACScalibur (BD), and the cell cycle was analyzed with FlowJo 8.8.4 for Macintosh.
Luciferase Reporter Assay
For generation of luciferase reporter vectors, regions encompassing the putative megalin and cubilin opossum promoters were amplified from genomic DNA of OK cells by PCR (for primers, see Supplemental Table 1 ) and subcloned in TOPO-TA vectors (Invitrogen) for sequencing. The megalin and cubilin fragments were excised by HindIII/KpnI and HindIII/SacI restriction, respectively, and inserted at the corresponding sites in pGL3-MCS (Promega). The Renilla, pRL-CMV (Promega), vector was used as an internal control. OK cells were transfected overnight with 1 ng of pRL-CMV, 800 ng of megalin-or cubilin-Firefly luciferase construct, and varying concentrations of the expression plasmids pCB6-ZONAB-B and pCB6-ZO-1. 18 Total amount of DNA in the transfection was kept constant by addition of pCB6 empty vector. Mock and cZONAB transfectants were transfected with Renilla and Firefly reporter vectors only. Luciferase activity was measured 24 hours after transfection using the Dual-Luciferase reporter assay system (Promega) and a GloMax 96-microplate luminometer (Promega).
Chromatin Immunoprecipitation
Chromatin immunoprecipitation was performed on confluent monolayers at day 1 with anti-ZONAB antibody essentially as described previously. 18 Binding of ZONAB to the megalin and cubilin promoters in OK cells was assessed by PCR. One fifteenth of the eluted DNA was used in a 50-l PCR reaction (containing 50 mM KCl, 10 mM Tris-HCl, 1.5 mM MgCl 2 , and 1.0 U of TaqDNA polymerase; Promega) and 3 M of specific primers (see Supplemental Table 1 ). An 18S amplicon served as a loading control. 45 PCR products were resolved by agarose gel electrophoresis, and stained DNA was visualized under ultraviolet illumination. Chromatin immunoprecipitation was performed in triplicate from three independent assays.
Statistical Analyses
The statistical significance of differences between means was analyzed by unpaired Wilcoxon ranking test or t test, as indicated.
